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ABSTRACT: Several factors have been implicated in schizophrenia (SZ), including human herpes viruses (HHV) and the adaptive immunity
Human Leukocyte Antigen (HLA) genes. Here we investigated these issues in 2 complementary ways. In one analysis, we evaluated SZ-HLA
and HHV-HLA associations at the level of a single allele by computing (a) a SZ-HLA protection/susceptibility (P/S) score based on the covari-
ance between SZ and 127 HLA allele prevalences in 14 European countries, (b) estimating in silico HHV-HLA best binding affinities for the 9HHV
strains, and (c) evaluating the dependence of P/S score on HHV-HLA binding affinities. These analyses yielded (a) a set of 127 SZ-HLA P/S
scores, varying by >200X (maximum/minimum), which could not be accounted for by chance, (b) a set of 127 alleles X 9 HHV best-estimated
affinities, varying by >600X, and (c) a set of correlations between SZ-HLA P/S scores and HHV-HLA binding which indicated a prominent role of
HHV1. In a subsequent analysis, we extended these findings to the individual person by taking into account the fact that every individual carries
12 HLA alleles and computed (a) the average SZ-HLA P/S scores of 12 randomly chosen alleles (2 per gene), an indicator of HLA-based SZ
P/S for an individual, and (b) the average of the corresponding HHV estimated affinities for those alleles, an indicator of overall effectiveness of
HHV-HLA binding. We found (a) that HLA protection for SZ was significantly more prominent than susceptibility, and (b) that protective SZ-HLA
scores were associated with higher HHV-HLA binding affinities, indicating that HLA binding and subsequent elimination of several HHV strains

may confer protection against schizophrenia.
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Introduction

Schizophrenia is a complex and highly disabling mental dis-
order characterized by heterogeneous symptoms including
hallucinations, delusions, disorganized speech, blunted affect,
avolition, and anhedonia with a lifetime prevalence of ~1%.1
Although the prevalence of schizophrenia is relatively low, its
early onset and low remission together with high disability
and psychosocial impairment result in a substantial global
burden.? Accordingly, decades of research have been aimed at
identifying risk and vulnerability factors to reduce the burden
associated with this debilitating condition. Those efforts have
documented a large genetic component to schizophrenia,
with heritability estimated at around 80%.3 In addition, other
factors have also been implicated in schizophrenia, including
various infections as well as other environmental factors (eg,
obstetric complications, birth season, cannabis use, and
adverse childhood experiences).*7 Indeed, considerable evi-
dence supports a 2-hit theory that suggests that schizophre-
nia likely results from genetic vulnerability coupled with
environmental hits during key neurodevelopmental periods.®8

In light of extensive research implicating exposure to infec-
tions and genetic liability in schizophrenia risk, here we focus
on the influence of genes involved in the human immune
response to infections, human leukocyte antigen (HLA)
genes, and human herpes viruses on schizophrenia risk.

HLA and schizophrenia

HLA genes, located on chromosome 6, code for cell-surface
proteins that are instrumental in immune system surveillance
and elimination of foreign (eg, viral, bacterial) antigens via 2
primary pathways that work in concert to provide host protec-
tion. Class I HLA molecules (HLA-A, B, C) are expressed on
nucleated cells and bind small peptides from proteolytically
degraded cytosolic viruses and bacteria; those bound peptides
are exported to the cell surface for presentation to CD8+
cytotoxic T cells, signaling cell destruction. Class II HLA
molecules (HLA-DPB1, DQB1, DRB1) are expressed on
lymphocytes and professional antigen-presenting cells (eg,
macrophages, dendritic cells, and monocytes). Class II HLA
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presents larger peptides derived from endocytosed exogenous
antigens to CD4+ T cells to facilitate B cell-mediated anti-
body production and adaptive immunity. More than 30000
Class I and Class ITHLA alleles have been identified?; that
variation maximizes population protection against infection by
increasing the scope of antigens that can be bound and pre-
sented to the cell surface for destruction. Variation in HLA,
particularly within the binding groove, has also been linked to
variability in susceptibility to numerous human diseases.!?

HLA is the most highly polymorphic region of the
human genome, differing not only across but also within
populations.!>!3 The large number of polymorphisms coupled
with the relatively low prevalence of schizophrenia and meth-
odological variability across studies has resulted in inconsist-
ent and modest associations in HLA candidate gene studies of
schizophrenial¥; however, early genome-wide association
studies (GWAS) of schizophrenia have also documented asso-
ciations with the HLA region,>"17 and subsequent evidence
has continued to support that association.'®2! Furthermore,
common HLA variants have been shown to influence brain
abnormalities associated with schizophrenia including cere-
bral ventricle size,?? thalamic volume and asymmetry,?3 and
hippocampal volume,?* and variations in the HLA binding
groove have been shown to influence treatment response with
antipsychotic medications in patients with schizophrenia.?’
Indeed, HLA-schizophrenia associations have been one of
the most commonly reported genetic associations in the
literature,?® though effect sizes are relatively small and find-
ings have varied across studies due to variation between sam-
ples and geographical variation in HLA frequency.?”

An epidemiological approach to HLA-schizophrenia

associations

HLA confers protection via pathogen elimination; consequently,
HLA has evolved in concert with pathogen evolution?®?° and
has been shown to vary by population,’%3! presumably reflecting
differences in pathogen exposure. HLA-disease associations
have been typically investigated using case-control studies.3?
Although this design is solid, the overall results have been rather
limited for at least 2 reasons. First, such studies are frequently
underpowered due to difficulties in obtaining large numbers of
participants, with a notable exception of the study of HLA and
malaria in West Africa.3® And second, the drawback of a small
sample size is compounded by the insistence on finding HLA
alleles with a very low P-value. Given that diseases are common
outcomes of various factors, including pathogen insults, host
responses, molecular mimicry, autoimmunity, etc., in various
combinations, the objective should rather be to identify and
determine the degree of involvement of different alleles in a given
disease rather than the quest to find “the one” allele with a very
low P-value in disease association. Such an allele, when found,
would be ranked #1 and would be most probably due to a spe-
cific aspect of the disease (eg, autoimmunity) but other alleles

could play smaller but still important roles (protective or suscep-
tibility) in disease manifestation, thus effectively modulating the
effect of the most prominent allele. Hence, a method that com-
bines signed, weighted contributions of individual alleles for an
overall protection/susceptibility assessment would seem more
appropriate. Finally, GWAS has been used in recent studies to
investigate HLA-disease associations. A limitation of this
approach, as noted elsewhere,3* is that HLA alleles are been
detected through imputation rather than direct HLA sequenc-
ing. While more time- and cost-effective than direct sequencing,
the accuracy of HLA imputation for certain alleles (eg, DRB1)
has been reported to be as low as 30%.% Conversely, due to the
highly polymorphic nature of HLA, direct sequencing of large
enough samples to identify HLLA-disease associations is often
prohibitive.

Here we take an alternative immunogenetic epidemiology
approach that takes advantage of the population heterogeneity
of HLA and permits the identification of a high-resolution
population-level HLA profile with regard to disease preva-
lence. Using this approach, we3¢+ and others3%4® have identi-
fied HLA alleles that are negatively associated with disease
prevalence (ie, protective alleles) as well as HLA alleles that are
positively associated with disease prevalence (ie, susceptibility
alleles) in various neurological diseases,®**! type 1 diabetes,*
and 30 types of cancer.***5 In light of HLA’s involvement in
pathogen elimination and autoimmunity, we presume that pro-
tective alleles facilitate pathogen elimination and that suscepti-
bility alleles promote autoimmunity. Here we used this
immunogenetic epidemiological approach above to evaluate
associations between HLA frequency and schizophrenia prev-
alence and to derive a weighted overall measure along a protec-
tion-susceptibility continuum. Our working hypothesis is
based on the following 3 assumptions: (1) a number of HLA
alleles are involved in SZ, (2) the contribution of an allele to SZ
can be negative (protective) or positive (susceptibility), and (3) the
ultimate contribution of the HLA to §Z in a particular individual
lies in the combined contributions of 12 HILA alleles carried by the
individual, namely 2 of each 6 HLA classical genes (genes A,
B, C of Class I and DPB1, DQB1, DRB1 of Class II); other
nonclassical HLA genes (eg, DRB3, DRB4, etc.), not carried
by all individuals, may contribute as well. The covariance of SZ
prevalence and HLA allele frequency is a suitable quantitative
estimate of the protective/susceptibility (P/S) contribution of
an allele. Covariance possesses the following useful properties:
(a) it can be easily calculated from the epidemiological/immu-
nogenetic data (SZ prevalence and allele frequency), (b) it takes
negative and positive values, corresponding to a protective or
susceptibility contribution, (c) covariance estimates from dif-
ferent alleles can be added to derive and overall SZ P/S contri-
bution of an ensemble of alleles as in the case of adding
contributions of 12 alleles carried by an individual, (d) it can be
normalized after division by the product of the data analyzed
to yield a correlation coefficient, and, finally, (e) can be calcu-
lated from ranked data to provide a unit-free estimate of SZ
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Table 1. Schizophrenia prevalence in the 14 CWE countries.

COUNTRY N SCHIZOPHRENIA
1 Austria 30182
2 Belgium 37116
3 Denmark 16343
4 Finland 17425
5 France 205206
6 Germany 271954
7 Greece 35645
8 Italy 224454
9 Netherlands 76112
10 Norway 17555
11 Portugal 36207
12 Spain 155797
13 Sweden 33169
14 Switzerland 29960

P/S score. Here we use both the raw covariance and its normal-
ized version (ie, correlation coefficient) to investigate (a) the
SZ P/S contributions of various alleles and their 12-allele sets
(the number of alleles carried by all individuals), and (b) the
possible dependence of SZ prevalence on in silico estimated
binding affinities of HLA alleles to 9 strains of human herpes

virus.

Human herpes viruses (HHV) and schizophrenia

Infections, especially involving prenatal or childhood expo-
sure, have been linked to adult schizophrenia risk purportedly
via direct effects of pathogens and/or the effects of an inflam-
matory response to pathogens or autoimmunity on the devel-
oping brain.*-* A number of pathogens have been implicated
in schizophrenia including several human herpes viruses
(HHV).>° HHYV are neurotropic viruses that are nearly ubiq-
uitous and can cause lifelong infection characterized by alter-
nating periods of latency and reactivation.’'->3 They include
herpes simplex virus 1 (HSV1/HHV1) and HHV2 (HHV?2),
varicella zoster virus (HHV3), Epstein-Barr virus (EBV/
HHV4), cytomegalovirus (CMV/HHVS5), HHV6a, HHV6b,
HHV?7, and HHV8. Though several studies have implicated
HHYV in schizophrenia, findings across studies have been
highly inconsistent.’®* Nonetheless, intriguing links between
HHYV and schizophrenia exist. For instance, increased HHV
antibodies have been documented in patients experiencing an
initial episode of schizophrenia,®>¢ linked to higher suicide
risk in patients with schizophrenia,®” and have been associated
with structural brain changes®® and cognitive impairment$>?

N TOTAL POPULATION SCHIZOPHRENIA PREVALENCE (%)
8800000 0.3430
11300000 0.3285
5700000 0.2867
5500000 0.3168
64600000 0.3177
82600000 0.3292
10800000 0.3300
60600000 0.3704
17000000 0.4477
5200000 0.3376
10300000 0.3515
43300000 0.3598
9900000 0.3350
8400000 0.3567

among patients with schizophrenia. In addition, studies have
documented that anti-herpes treatment and anti-inflamma-
tory medications improve schizophrenia symptoms.>>60-62
Furthermore, studies suggest that interactions between single
nucleotide polymorphisms in the HLA region and exposure
to HHV influence schizophrenia risk.1%:63:64

Consistent with studies documenting an interaction
between the HLA region and HHV on schizophrenia, 196364
we have hypothesized that exposure to foreign antigens, such
as HHYV, in the absence of HLA alleles that are capable of
binding with those antigens can lead to antigen persistence,
inflammation and/or autoimmunity, and downstream delete-
rious effects on the brain.t>-%8 Here we extend that line of
research to schizophrenia, evaluating the relation between the
frequency of HLA alleles and the prevalence of schizophrenia
in 14 Continental Western European countries and evaluating
the correlation between the HLA-schizophrenia profile and
HLA-HHYV binding affinity.

Methods

Prevalence of schizophrenia

Table 1 shows the population prevalence of schizophrenia in
2016 for each of the following 14 countries in Continental
Western Europe (CWE): Austria, Belgium, Denmark, Finland,
France, Germany, Greece, Italy, Netherlands, Portugal, Norway,
Spain, Sweden, and Switzerland. Specifically, the total number
of people with schizophrenia in each of the 14 CWE countries
was identified from the Global Health Data Exchange, a
publicly available catalog of data from the Global Burden of
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Disease study, the most comprehensive worldwide epidemio-
logical study of more than 350 diseases. The number of people
with schizophrenia in each country was divided by the total
population of each country in 20167 and expressed as a per-
centage. We have previously shown that life expectancy for
these countries is virtually identical®®; therefore, life expectancy
was not included in the current analyses.

HIA alleles
We obtained the population frequency of 127 HLA alleles

from 14 Continental Western European Countries (Austria,
Belgium, Denmark, Finland, France, Germany, Greece, Italy,
Netherlands, Portugal, Norway, Spain, Sweden, and
Switzerland), as described elsewhere.3” Those 127 alleles com-
prised 69 Class I and 58 Class 1I alleles, all of which were used
to analyze the schizophrenia-HLA immunogenetic scores (see
below). The alleles and their mean frequencies of the individual
alleles are given in Tables 2 and 3 for HLA Classes I and 1I,
respectively.

S§Z-HLA protection/susceptibility scores

The PSCorr scores are the Fisher z-transformed correlations
between HLA schizophrenia prevalence and HLA allele fre-
quency (both log-transformed).36

PSCorr = ' = atanh(r) 1)

The PSCov scores are simply the covariance between the log-
transformed SZ prevalence and HLA allele frequency. The
sign of both scores indicates protection (negative) or suscepti-
bility (positive) to schizophrenia (P/S scores), whereas their
absolute value indicates the strength of their P/S effect.

HHYV proteins

The amino acid sequences of surface glycoproteins from HHV
1t 8(1,2,3,4,5, 6A, 6B, 7, 8) were retrieved from the
UniprotKB database” and are given in the Appendix. Table 4
gives the details of these proteins and associated information
regarding the number of #z-mers used in the analyses of Class I
and Class II alleles.

A sliding window approach®’:%8 (Figure 1) was used to
partition the whole sequence of each glycoprotein into
n-mers for HHV-HLA analyses. Since the exact n-mer
length for binding to HLA Class I and Class II molecules is
not known (only its range), we used 4 n-mer lengths (2 per
HLA Class) to cover their approximate optimal range,
namely 9- and 10-mer for Class I and 15-and 22-mer for
Class I1.72 For each 7n-mer, a set of subsequences was gener-
ated (number of subsequences =length of glycoprotein—mn).
For all #z-mers (n=9 and 10 for Class I, and n=15 and 22 for

Class II), subsequences were collected and queried in the

IEDB database (www.iedb.org) in order to identify potential
epitope peptides that are recognized by and bind to HLA
Class I and II surface receptor proteins. IEDB queries were
performed for each of the sliding-window aggregated
sequences against HLA alleles available (see below). Binding
affinity predictions were obtained using the NetMHClIIpan
method.” For each 7-mer, a binding affinity score was pre-
dicted and reported as a percentile rank by comparing the
peptide’s score against the scores of 5 million random 7-mers
selected from the SwissProt database 7; smaller percentile
ranks indicate higher binding affinity (“good binders”). For
each HHYV strain and HLA allele, the lowest percentile rank
(LPR) was used as the highest estimated binding affinity
measure for quantitative analyses. The distribution of LPR
was skewed to the left (Figure 2A) in an exponential fashion
and was log-transformed (equation (2)) to normalize it
(Figure 2B), as illustrated in Figures 2 and 3, respectively.

In(LPR) = log, (LPR) ()

Of a total of 127 alleles available (Tables 2 and 3), 113 were
used for the analyses involving HHV's because 14 HLA Class
I alleles could not be modeled by the NetMHCIIpan method
(A*29:01, A*33:03, A*36:01, B*14:01, B*15:17, B*15:18,
B*35:02, B*35:08, B*39:06, B*41:01, B*41:02, B*44:05,
B*45:01, B*47:01).

Data analysis

Schizophrenia-HLA PSCorr scores. Standard parametric (mean,
standard deviation, etc.) and nonparametric statistics (median,
interquartile range, etc.) were used to evaluate the distribution
of scores. We used Tukey’s” fences to identify outlier and
extreme values of the PSCorr distribution, as follows.

Negative (protective) Inner Fence = Q1 - 1.5IQR  (3)
Negative (protective) Outer Fence = Q1 — 3.0IQR  (4)
Positive (susceptibility) Inner Fence = Q3 + 1.5IQR (5)
Positive (susceptibility) Outer Fence = Q_3 + 3.0 IQR (6)
Interquartile range : IQR = Q.3 — Q_I (7)

where Q1, Q3 are the 25th and 75th percentiles, respectively.
These fences demarcated outlier values (between inner and
outer fences) and extreme values (outside the outer fences). A
major objective of this study was to determine whether there
was a statistically significant preponderance of protective or sus-
ceptibility schizophrenia PSCorr scores overall and within (and
among) HLA classes and genes. For that purpose, we used a
one-sample t-test with test value=0 and estimated the mean
preponderance, its statistical significance, and the effect size.”>7¢
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Table 2. The 69 HLA Class | alleles used and their mean frequencies.

CLASS |

GENE A
Allele Frequency Allele Frequency Allele Frequency
1 A*01:01 0.1170 1 B*07:02 0.1009 1 C*01:02 0.0370
2 A*02:01 0.2715 2 B*08:01 0.0791 2 C*03:03 0.0506
3 A*02:05 0.0122 3 B*13:02 0.0238 3 C*04:01 0.1349
4 A*03:01 0.1501 4 B*14:01 0.0091 4 C*05:01 0.0716
5 A*11:01 0.0527 5 B*14:02 0.0275 5 C*06:02 0.0829
6 A*23:01 0.0237 6 B*15:01 0.0544 6 C*07:01 0.1472
7 A*24:02 0.1051 7 B*15:17 0.0104 7 C*07:02 0.1020
8 A*25:01 0.0139 8 B*15:18 0.0043 8 C*07:04 0.0146
9 A*26:01 0.0356 9 B*18:01 0.0609 9 C*12:02 0.0160
10 A*29:01 0.0058 10 B*27:02 0.0070 10 C*12:03 0.0678
11 A*29:02 0.0315 11 B*27:05 0.0435 11 C*14:02 0.0231
12 A*30:01 0.0165 12 B*35:01 0.0690 12 C*15:02 0.0370
13 A*30:02 0.0132 13 B*35:02 0.0187 13 C*16:01 0.0303
14 A*31:01 0.0295 14 B*35:03 0.0261
15 A*32:01 0.0368 15 B*35:08 0.0111
16 A*33:01 0.0116 16 B*37:01 0.0136
17 A*33:03 0.0066 17 B*38:01 0.0276
18 A*36:01 0.0063 18 B*39:01 0.0146
19 A*68:01 0.0353 19 B*39:06 0.0069
20 A*68:02 0.0220 20 B*40:01 0.0474
21 B*40:02 0.0212
22 B*41:01 0.0087
23 B*41:02 0.0056
24 B*44:02 0.0623
25 B*44:03 0.0431
26 B*44:05 0.0054
27 B*45:01 0.0090
28 B*47:01 0.0043
29 B*49:01 0.0220
30 B*50:01 0.0164
31 B*51:01 0.0640
32 B*52:01 0.0158
33 B*55:01 0.0129
34 B*56:01 0.0075
35 B*57:01 0.0278

36 B*58:01 0.0141
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Table 3. The 58 HLA Class Il alleles used and their mean frequencies.

CLASS I

GENE DPBH1 GENE DQBH1 GENE DRB1
Allele Frequency Allele Frequency Allele Frequency

1 DPB1*01:01 0.0462 1 DQB1*02:01 0.1514 1 DRB1*01:01 0.0862
2 DPB1*02:01 0.1486 2 DQB1*02:02 0.0664 2 DRB1*01:02 0.0202
3 DPB1*02:02 0.0127 3 DQB1*03:01 0.1925 3 DRB17*01:03 0.0067
4 DPB1*03:01 0.1273 4 DQB1*03:02 0.1030 4 DRB1*03:01 0.1233
5 DPB1*04:01 0.3905 5 DQB1*03:03 0.0444 5 DRB1*04:01 0.0688
6 DPB1*04:02 0.1206 6 DQB1*04:02 0.0370 6 DRB1*04:02 0.0118
7 DPB1*05:01 0.0232 7 DQB1*05:01 0.1181 7 DRB1*04:03 0.0124
8 DPB1*06:01 0.0162 8 DQB1*05:02 0.0432 8 DRB1*04:04 0.0248
9 DPB1*09:01 0.0117 9 DQB1*05:03 0.0314 9 DRB1*04:05 0.0217
10 DPB1*10:01 0.0176 10 DQB1*06:01 0.0155 10 DRB1*04:07 0.0099
11 DPB1*11:01 0.0178 11 DQB1*06:02 0.1138 11 DRB1*04:08 0.0074
12 DPB1*13:01 0.0174 12 DQB1*06:03 0.0679 12 DRB1*07:01 0.1090
13 DPB1*14:01 0.0164 13 DQB1*06:04 0.0339 13 DRB1*08:01 0.0384
14 DPB1*17:01 0.0212 14 DQB1*06:09 0.0078 14 DRB1*08:03 0.0048
15 DPB1*19:01 0.0099 15 DRB1*09:01 0.0186
16 DRB1*10:01 0.0124
17 DRB1*11:01 0.0709
18 DRB1*11:02 0.0076
19 DRB1*11:03 0.0096
20 DRB1*11:04 0.0498
21 DRB1*12:01 0.0166
22 DRB1*13:01 0.0713
23 DRB1*13:02 0.0433
24 DRB1*13:03 0.0130
25 DRB1*13:05 0.0034
26 DRB1*14:01 0.0226
27 DRB1*15:01 0.1104
28 DRB1*15:02 0.0115
29 DRB1*16:01 0.0342

Random permutations test for assessing the statistical significance
of the schizophrenia-HLA profile. The SZ-HLA profile is a
vector of length N=127 containing the estimated PSCorr
scores. We tested the null hypothesis that the assignment of
PSCorr to specific alleles may be due to chance by performing
the permutation test below. Let A be the original (observed)
SZ-HLA profile and H' be the profile obtained by random

permutation, as follows. (1) For each allele, its observed fre-
quencies were paired to randomly permuted prevalences of the
14 CWE countries. (2) The Pearson correlation between allele
frequency and corresponding (to the permuted country) SZ
prevalence was computed. (3) These correlations were Fisher
z-transformed to yield a “permuted” SZ-HLA profile, H' . (4)
Next, we computed the sum of the absolute paired differences
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Table 4. Attributes of the 9 HHV viruses used.

VIRUS PROTEIN

HHV-1 Envelope glycoprotein D
HHV-2 Envelope glycoprotein D
HHV-3 Envelope glycoprotein E
iHHV-4 Envelope glycoprotein B
HHV-5 Envelope glycoprotein B
HHV-6A Glycoprotein Q2
HHV-6B Glycoprotein Q1

HHV-7 Envelope glycoprotein H
HHV-8 Envelope glycoprotein H

UNIPROTKB ID PROTEIN LENGTH (AA)
Q69091 394
P03172 393
Q9J3M8 623
P03188 857
P06473 906
PODOEO 214
QoQJ11 516
P52353 690
F5HAK9 730

HHV1 Envelope Glycoprotein D Amino Acid Sequence

TGC%AARLGAViLFVVIVGLHGVRSKYALVDASLK. ... PSSHQPLFY

n=9 AA sliding-window sequence for testing HLA Class | alleles

1
I
4

TG(%AARLGAVILFVV IVGLHGVRSKYALVDASLK. . .. PSSHQPLFY

n =15 AA sliding-window sequence for testing HLA Class Il alleles

Figure 1. Schematic diagram to illustrate the sliding window approach for estimating exhaustively in silico the binding affinity of all consecutive 9- and
15-mer peptides. The figure refers to HHV1 for illustration but the glycoproteins of all HHV strains (Table 4) were tested, as described in the text.
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Figure 2. Frequency distributions of LPR [A] and In(LPR) [B]. N=113 alleles X 9 HHV strains=1017 for each distribution.

between A and H':a sum of zero would indicate that the 2
profiles are the same. (5) Finally, we carried out this procedure
1000000 times and counted the number of times M that that

sum was equal to zero, indicating that the randomly obtained

profile would be the same as the observed one. Then, the ratio

w =-————— 1is the probability that the observed profile A
1,000,000

could be due to chance. In a variant of this test, we determined

in 1000 runs how frequently the rank of the PSCorr scores
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Figure 3. Probability-probability plots of LPR [A] and In(LPR) [B] to illustrate the substantial departure of the LPR distribution from normal (diagonal)

and conversion to close to normal when log-transformed.

could occur randomly, thus relaxing the requirement of an exact
match.

Application to individuals. Since every individual carries 12
classical HLA alleles (2 of each 3 HLA Class I genes and 2
of each 3 Class II genes), an average PSCorr score can be
calculated:

& =PSCorr = [r'(ﬂl)+r'(ﬂz)‘H"(B])*"”(Bz)
+7'(G,)+7'(Cy ) ++r'(DPBI, )+r'(DPB, )
++'(DQBI, )+ (DQBL, )+ (DRBI,)
+r'(DRBI,)]/12

Finally, we transformed PSCorr (an average of weighted ")
to the original Pearson correlation scale, so that its range would

be [-1, +1]:

& = tanh(PSCorr) 9)

We obtained expected estimates of & using a bootstrap
procedure,”’as follows. For each gene, 2 7’ scores were
drawn randomly (with replacement) from the pool of avail-
able alleles of that gene and averaged to yield a bootstrap &F,
for a simulated “individual.” The procedure was repeated
1 million times for a total of 1000000 &*. In the resulting
distribution, we identified negative (protective) and positive
(susceptibility) outlier and extreme values of &%, as described
above (equations (3)—(7)). The percentage of positive (sus-
ceptibility) outliers was compared to the percentages of
schizophrenia prevalence above (Table 1) using an inde-
pendent samples t-test.

Application to populations. In this analysis, we extended com-
putations above to populations by using the average allele fre-
quencies (Table 2) as weighting factors in equation (8):

E =PSCorr’ =[r'(4,) f(4) +7'(4,) f(4,)
+r'(B) f(B)+r'(B,) f(B)+7'(C) f(G)
+7'(C,) £(C,)++7'(DPB,) f(DPBI,)
+r'(DPBL,) f(DPBL,)+7'(DQBL, ) f(DQBI,)
+r'(DQBL,) f(DQBI,)+r'(DRBI, ) f(DRBI,)
+r'(DRBL,) f(DRBI,)]/12

(10)

WEe also carried out a bootstrap analysis of Z (N =1000000) to
obtain 1 million bootstrap Z* values for evaluating the repre-
sentation in the population of allele frequency-weighted com-

binations of randomly selected 12 SZ PSCorr scores.

Association of schizophrenia PSCorr scores with HHV affini-
ties. 'The second objective of this study was to assess the rela-
tion between schizophrenia PSCorr scores and the in silico
estimated binding affinity of the corresponding alleles with the
9 HHVS (Table 4). For this purpose, we performed 2 analyses.
At the single allele level, we carried out a stepwise linear regres-
sion, where the schizophrenia PSCorr score was the dependent
variable and the HLA-HHV binding affinities, In(LPR)
(equation (2)), of the 9 HHV strains were the independent
variables. At the level of the individual, we took into account
the fact that an individual carries 12 HLA alleles, each of
which has an estimated binding affinity to the 9 HHV strains.
We first computed the average of those affinities for each allele
and then computed the grand average binding affinity for the
whole set of the randomly chosen alleles in the bootstrap pro-
cedure above. This provided a set of 1 million pairs consisting
of (a) the average PSCorr (§%) of the 12 randomly chosen
alleles, and (b) the grand average (£*) of the estimated HHV
affinities for that set of alleles. The correlation between &* and

C* is an estimate of the aggregate association of SZ PSCorr and
HHYV at the level of the individual.
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Schizophrenia-HLA PSCov scores. The same analyses as above

were performed on PSCov scores.

Implementation of analysis procedures. The IBM-SPSS statisti-
cal package (version 27) was used for implementing standard
statistical analyses, including nonparametric exploratory data
analysis,”* regression analysis, and testing of proportions. All P
values reported are 2-sided. The permutation test and boot-
strap procedure were implemented using FORTRAN (Geany,
version 1.38, built on or after 2021-10-09) and 64-bit Mersenne
Twister random number generator with a large random dou-
ble-precision odd seed.

Results
The SZ-HLA immunogenetic scores PSCorr and PSCov are
given in Tables 5 and 6. The 2 scores were highly significantly
and positively correlated (Figure 4; r=.937, P=3.94X10-%,
N=127).

Permutation tests

In the permutation test, no cases were found where a random
SZ prevalence — HLA allele frequency pairing (out of 1000 000
runs) matched the observed SZ-HLA PSCorr or PSCov pro-
files (Tables 5 and 6), thus rejecting the null hypothesis that the
observed profile could be accounted for by chance (P<<1 X 10-)
for both PSCorr and PSCov scores. In addition, in the ranks
version of the random permutation test, which relaxed the
requirement of an exact PSCorr match, we found that in only
3/1000 runs the ranks of the observed PSCorr scores matched
the ranked observed SZ-HLA PSCorr profile, thus rejecting
again the null hypothesis that the observed ranks of the PSCorr
scores were due to chance (P=.003); no case matching the
PSCov scores profile was found, the rejecting the null hypoth-
esis that the observed ranks of the PSCov score were due to

chance (P<.001).

Freguency distributions

The ranked SZ-HLA PSCorr scores are plotted in Figure 5,
and their frequency distribution and box plot are shown in
Figure 6A and B, respectively; detailed statistics are given in
Table 7. It can be seen that there were 3 outliers (in red), with
scores lower that the lower inner fence (equation (3), -0.081).
These were HLA alleles B*27:02, B*35:08, and DRB1*13:05,
illustrated in Figure 7, with SZ-HLA PSCorr scores of -0.956,
-0.870, and -0.820, respectively. The correlation coefficients
were all >.5 (r=.743 for B*27:02,0.703 for B*35:08,and 0.675
for DRB1:13:05), indicating large effect sizes.”®

Very similar results were obtained for PSCov, with the
following 2 differences. (a) There was an additional protec-
tive outlier allele (B*15:18), and (b) there were 4 outlier sus-
ceptibility alleles (C*16:01, DRB1*11:04, DRB1*11:01,

DQB17*02:02—from highest to lower score). These results

indicate a higher sensitivity of the PSCov measure.

Tests of score proportions

Since the sign of the PSCorr score is determined by the sign of
PSCov score, the following results apply to both scores. (a)
There was a statistically significant higher proportion of pro-
tective scores (77/127=60.6%; P=.017, Wilson test of single
proportion). (b) The proportions of protective scores in either
Class I or Class II, and in any of the 6 genes did not differ from
those of the susceptibility scores.

Tests of score magnitude

With respect to PSCorr scores, a statistically significant higher
magnitude of protective (vs susceptibility) scores was observed
(a) overall, (b) for HLA Class I, and (c) for HLA B gene
(Figure 8); no significant effects were found for Class II or any
other gene. Detailed statistics for the significant effects are
given in Tables 8 and 9. Similarly, the magnitude of PSCov
scores was significantly higher overall, HLA Class I, and HLA
B gene.

Application to individuals

The following results were obtained from the bootstrap analysis
of the PSCorr scores (descriptive statistics in Table 10); very simi-
lar results were obtained for the PSCov scores (not illustrated).
Since the SZ-HLA PSCorr scores are population-level correla-
tions between schizophrenia prevalence and HLA allele frequen-
cies, it is reasonable to interpret them as reflecting the degree of
protection/susceptibility conferred in general on an individual of
the population by their specific HLA genetic makeup. For a par-
ticular individual, the average of the PSCorr scores of the 12
HLA alleles that the individual carries (equation (8)) can serve as
an overall estimate, &, of SZ protection/susceptibility along a con-
tinuum ranging from -1 to +1 (equation (9)). Analysis of the
distribution of the bootstrapped 1 million &* values revealed the
following. (a) The distribution was unimodal, approximating a
normal distribution but skewed to the left, that is, toward nega-
tive (protection) values (Figure 9). (b) Indeed, negative (protec-
tion) values (71.2%) outnumbered significantly positive
(susceptibility) values (28.8%) (P<.001, Wilson score test for a
single proportion). In addition, the mean of the distribution was
negative, indicating a bias toward SZ protection (P<.001, one-
sample #test against the null hypothesis that the mean=0). (¢c)
There were 4404 (0.4%) negative (protective) &* outliers and 3
extreme ones (>Tukey’s outer fence, equation (4); Figures 10 and
11A). (d) There were 3043 (0.304%) positive (susceptibility outli-
ers (Figures 10 and 11B). These proportions differed highly sig-
nificantly (Z=15.8, P<<.00001). (¢) Remarkably, the percent
(0.3%) of positive (susceptibility) values of £* above was very close
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Table 5. Schizophrenia Immunogenetic scores for HLA Class | alleles.

CLASS |

Allele PSCorr PScov Allele PSCorr PSCov Allele PSCorr PSCov
A*01:01 —-.248 -.002528 B*07:02 135 .006762 C*01:02 -.702 -.019900
A*02:01 -.183 -.002039 B*08:01 .078 .002951 C*03:03 -119 -.006297
A*02:05 -.089 -.005197 B*13:02 .015 .000647 C*04:01 -.317 -.005400
A*03:01 -.200 -.007437 B*14:01 .078 .004697 C*05:01 131 .005611
A*11:01 .081 .002187 B*14:02 -.011 -.000632 C*06:02 467 .013424
A*23:01 .030 .001572 B*15:01 168 .011421 C*07:01 -.142 -.001682
A*24:02 -.018 -.000413 B*15:17 -.304 -.017833 C*07:02 .309 .013948
A*25:01 .006 .000252 B*15:18 -.757 -.044797 C*07:04 -.066 -.003011
A*26:01 110 .004525 B*18:01 -195 -.011494 C*12:02 -.254 -.018436
A*29:01 -.490 -.028436 B*27:02 -.956 -.037332 C*12:03 -.107 -.005263
A*29:02 158 .015396 B*27:05 -.301 -.018373 C*14:02 -.012 -.000765
A*30:01 .208 .012826 B*35:01 -.084 -.002405 C*15:02 .084 .003699
A*30:02 136 .010422 B*35:02 -.450 -.026727 C*16:01 .399 .044524
A*31:01 .077 .003210 B*35:03 -.205 -.011519
A*32:01 .017 .000581 B*35:08 -.872 -.051535
A*33:01 -.154 -.010631 B*37:01 .344 .014528
A*33:03 -.374 -.021057 B*38:01 -.323 -.009779
A*36:01 -.058 -.003207 B*39:01 .074 .002330
A*68:01 148 .003772 B*39:06 -.102 -.004251
A*68:02 -.094 -.008357 B*40:01 .004 .000311

B*40:02 -.437 -.017620

B*41:01 -.147 -.007591

B*41:02 -.503 -.025780

B*44:02 .075 .001952

B*44:03 184 .011248

B*44:05 -.163 -.008413

B*45:01 -.026 -.001748

B*47:01 -.290 -.014689

B*49:01 -.059 -.004296

B*50:01 -.289 -.013632

B*51:01 128 .019624

B*52:01 -.510 -.023853

B*55:01 425 .014714

B*56:01 -.575 —-.021447

B*57:01 291 .010743

B*58:01 —-.421 -.018861
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Table 6. Schizophrenia immunogenetic scores for HLA Class Il alleles.

CLASS I

GENE DPBH1 GENE DQBH1 GENE DRB1
Allele PSCorr PSCov Allele PSCorr PSCov Allele PSCorr PSCov
DPB1*01:01 -.006 —-.000296 DQB1*02:01 -.322 —-.009983 DRB1*01:01 —-.246 —-.006472
DPB1*02:01 146 .002918 DQB1*02:02 .368 .033053 DRB1*01:02 -.062 -.003773
DPB1*02:02 -.270 -.024760 DQB1*03:01 .249 .012999 DRB1*01:03 -.103 -.005160
DPB1*03:01 194 .008266 DQB1*03:02 -.161 -.004341 DRB1*03:01 403 .013356
DPB1*04:01 -.209 -.003374 DQB1*03:03 -.160 —-.008421 DRB1*04:01 -0243 -.020587
DPB1*04:02 -.378 -.008933 DQB1*04:02 -.190 -.011956 DRB1*04:02 -.020 -.001756
DPB1*05:01 -.152 -.006469 DQB1*05:01 -.094 -.001957 DRB1*04:03 .028 .001474
DPB1*06:01 -.115 -.006798 DQB1*05:02 -.195 —-.015455 DRB1*04:04 .252 .015393
DPB1*09:01 .305 .010258 DQB1*05:03 468 .024950 DRB1*04:05 -.055 -.005655
DPB1*10:01 -.484 -.025886 DQB1*06:01 -.313 -.020175 DRB1*04:07 .200 0.016376
DPB1*11:01 .217 .018771 DQB1*06:02 -.217 -.011312 DRB1*04:08 -.365 -.030033
DPB1*13:01 -.336 -.015974 DQB1*06:03 -112 -.003141 DRB1*07:01 167 .008761
DPB1 *14:01 -.153 -.006537 DQB1*06:04 .188 .007809 DRB1*08:01 -172 -.012190
DPB1*17:01 .326 .018901 DQB1*06:09 170 .004685 DRB1*08:03 -.373 -.016610
DPB1*19:01 .058 .004375 DRB1*09:01 -.012 -.001582
DRB1*10:01 146 .008958
DRB1*11:01 .546 .034239
DRB1*11:02 -.253 -.016144
DRB1*11:03 -.009 -.000537
DRB1*11:04 .369 .036578
DRB1*12:01 -.138 -.005480
DRB1*13:01 -.145 -.003224
DRB1*13:02 143 .003480
DRB1*13:03 .106 .003680
DRB1*13:05 -.820 -.039492
DRB1*14:01 .008 .000502
DRB1*15:01 -.192 -.008125
DRB1*15:02 -.330 -.015932
DRB1*16:01 -.093 -.007554

to, and statistically not significantly different from, the preva-
lences of schizophrenia used in this study (Table 1; P=.318, inde-
pendent samples #-test).

Application to populations
In this analysis, we computed the average Z of SZ-HLA

PSCorr scores weighted by the corresponding allele frequencies

(equation 10) to obtain the population outcome of a particular
combination of HLA alleles. The results obtained are shown in
Table 11; very similar results were obtained for the SZ PSCov
score (data not illustrated). More specifically: (a) The distribu-
tion of Z*was unimodal, approximating a normal distribution,
with a skew to the left (ie, toward protection values). (b) Overall,
negative (protection) values (69.3%) outnumbered significantly

positive (susceptibility) values (30.7%) (P<<.001, Wilson score
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PSCorr Score

-, 08 -.03 .00 .02 +05
PSCov Score

Figure 4. SZ-HLA PSCorr scores are plotted against SZ-PSCov scores.
See text for details.

SZ-HLA PSCorr Score

=8

=170
Figure 5. Ranked SZ-HLA PSCorr are plotted against their ranks. Notice

that protective scores (blue) are more numerous and stronger than
susceptibility scores (red). See text for details.
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test for a single proportion). In addition, the mean of the distri-
bution was negative, indicating a bias toward SZ protection
(P<.001, one-sample t-test against the null hypothesis that the
mean=0). (c) There were 5562 (0.556%) negative (protective)
=* outliers and 11 extreme ones (0.0011%). (d) There were 3134
(0.313%) positive (susceptibility outliers. These proportions dif-
fered highly significantly (Z=26.09, P<<.00001). (¢) Similarly
to the results of & above, the percent of susceptibility outliers
was very close to, and statistically not significantly different
from, the prevalences of schizophrenia used in this study
(Table 1; P=.434, independent samples #-test).

Schizophrenia PSCorr scores and HLA-HHV

binding

In this analysis, we first estimated the highest binding affinity
of each HLA allele to the 9 HHYV strains (Table 4). We found
that HLA alleles of Class I had significantly better binding
affinities than those of Class II (Figure 12, P<<.001, F-test in
ANOVA). The average binding affinities did not differ signifi-
cantly among genes of the same HLA Class (Figure 13;
P=.884 for Class I genes, and P=.492 for Class II genes,
ANOVA). Next, we evaluated the possible dependence of
SZ-HLA P/S scores (PSCorr and PSCov) on HHV-specific
HLA-binding affinities by performing a stepwise multiple lin-
ear regression, where the SZ-HLA immunogenetic score of
individual alleles was the dependent variable and the 9 corre-
sponding HHV-specific In(LPR) values (one per allele and
HHYV strain) were the independent variables. Preliminary
analyses revealed that there were significant differences
between the 2 HLA classes, so we performed the regression
analysis above separately for HLA Class I (N=55) and Class 11
(N =58) alleles. Moreover, for each HLA Class, we performed
the analysis twice, namely 1 per z-mer (9- and 10-mer for
Class I, and 15- and 22-nmer for Class II). The results were
clear-cut, as follows. (a) No statistically significant associations

were found in any Class II analyses (15- or 22-mer) between
SZ PSCorr scores and HHV In(LPR) for any HHYV strain. In

1.0
B
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.
3
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N
0
-5
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Figure 6. (A) frequency distribution of the 127 SZ-HLA PSCorr scores. (B) boxplot of the data in Figure 5. Q1, 25th percentile; Q3, 75th percentile; IQR,

interquartile range.
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Table 7. Descriptive statistics of the distribution of SZ-HLA PSCorr scores. N=127 HLA alleles.

Mean

SEM

Median

SD

Minimum

Maximum

Range

IQR

25th percentile (Q1)

75th percentile (Q3)

-0.0763
0.0249
-0.0838
0.2808
-0.9559
0.5463
1.5023
0.3772
-0.2463
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Figure 7. Prevalence of schizophrenia is plotted against frequency of B*27:02 (r=.743, PSCorr=-.956), B*35:01 (r=-.703, PSCorr=-.872), and
DRB1*13:05 (r=-.675, PSCorr=-.820), as indicated. The curves are a power fits. The fits are linear between log-log transformed data, from which the

correlations above are derived.

ALL

_2 HLA Class |

Mean SZ-HLA PSCorr Difference

Protective

3 HLA Gene B

Figure 8. Mean (+95% ClI) protective preponderance of SZ-HLA scores
(negative/protective — positive/susceptibility SZ-HLA score) for the groups
indicated. See text for details.

contrast, (b) a statistically significant association was found in
both Class I analyses (9- and 10-mer) only between PSCorr
scores and HHV1 In(LRP) for both 9-mer (Figure 14A:
r=.333, P=.013, N=55) and 10-mer AA sequences (Figure
14B: r=.339, P=.011, N =55); the effect sizes of these correla-
tions were medium-to-large.”>7¢ Practically the same associa-
tions were found between PSCov and HHV1 In(LLPR): (a) No
statistically significant associations were found in any Class II

analyses (15- or 22-mer) between SZ PSCov scores and HHV
In(LPR) for any HHYV strain. In contrast, (b) a statistically
significant association was found in both Class I analyses (9-
and 10-mer) only between PSCov scores and HHV1 In(LRP)
for both 9-mer (r=.330, P=.014, N=55) and 10-mer AA
sequences (r=.305, P=.023, N =55).

Combined SZ-HIL.A PSCorr scores versus combined
HLA-HHYV affinities

In the previous section, we analyzed the affinities of single
HLA alleles to the various HHYV strains. Since an individual
carries 12 HLA alleles, it is reasonable to suppose that the ulti-
mate influence of HHV on SZ susceptibility of an individual
would be reflected in the correlation between the average
PSCorr & (equation (8)) and the average estimated 9 HHV
binding affinities { (equation (11)). For that purpose, we ran a
bootstrap procedure (see Methods) and obtained 1000000
bootstrap values of £ and £*. We found that these measures
were positively and highly significantly correlated (r=.644,
Z=764.98, P<.001). The data from a portion of that set
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Table 8. Statistics for statistically significant preponderance of protective (negative) Schizophrenia-HLA PSCorr scores (one sample t-test, test

value=0).

MEAN DIFFERENCE

LOWER

All 127 -0.0763
Class | 69 -0.1050
Gene B 36 -0.1661

Table 9. Effect sizes for the results in Table 7.

COHEN’S D

-0.1256

-0.1758

95% CONFIDENCE INTERVAL TWO-TAILED
P VALUE
UPPER
-0.0269 3.060 .003
—-0.0342 2.958 .004
-0.0549 3.034 .005

-0.2773

EFFECT SIZE

95% CONFIDENCE INTERVAL

Overall -0.272
Class | -0.356
Gene B -0.506

Table 10. Descriptive statistics of the distribution of £*.

Mean

SEM

Median

SD

Minimum

Maximum

Range

IQR

25th percentile (Q1)

75th percentile (Q3)
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Figure 9. A, frequency distribution of 1 million bootstrap £* values.

Small-to-Medium
Small-to-Medium

Medium-to-Large

N=1000000.

-0.00197

0.000005
-0.00204
0.0046
-0.0246
0.0208
0.0455
0.006169
—-0.005092

0.001077

-0.448 -0.094
-0.598 -0.112
-0.850 -0.155
4
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-6 N =3 = (0.0003%)

Figure 10. Boxplot of the data in Figure 9. Conventions as in Figure 6B.

(N=1000) are plotted in Figure 15. Very similar results were
obtained for PSCov (data not illustrated). These results indi-
cate a strong dependence of overall individual SZ risk on com-
bined HHV affinities, such that a HLA makeup with overall
higher binding HHV affinity would confer protection from (ie,

lower the risk of) schizophrenia.

Discussion

Methodological considerations

The SZ-HLA PSCorr and PSCov scores were used here as
continuously-varying measures of schizophrenia-HLA allele
covariation at the population level and not as genetic causative
factors testing a specific null hypothesis; hence no statistical
tests of significance or P-values were computed for individual
PSCorr scores since there was no specific null hypothesis to be
tested. Instead, we tested the null hypothesis that the sez (vec-
tor) of the 127 SZ-HLA PSCorr scores was due to chance by
performing an extensive random permutation test. The results
of this test rejected the null hypothesis above (P<1 X 10-9) as
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Figure 11. Frequency distribution of protective (A) and susceptibility (B) &* values.

Table 11. Descriptive statistics of the distribution of Z*. N=1000000.

Mean -0.03608
SEM 0.000071
Median -0.03510
SD 0.0709
Minimum -0.454
Maximum 0.295
Range 0.749
IQR 0.0946
25th percentile (Q1) —-0.08281
75th percentile (Q3) 0.01176
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Figure 12. Average (+95% Cl) HHV1-HLA affinities [In(LPR)] for HLA
Class | and Il.

well as its more liberal version that the ranked scores were due
to chance (P<.003). In accordance with these results, the set
of the observed SZ-HLA PSCorr scores was employed to eval-
uate its possible associations with the in silico estimated bind-
ing affinities to HHV proteins, which were used in the same
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Figure 13. Average (+95% CIl) HHV1-HLA affinities [In(LPR)] for genes
of HLA Class | and Il

way, namely as continuously-varying quantitative assessments
HLA-HHYV associations.

Remarkably, but unsurprisingly, practically identical results
were obtained in all analyses when SZ PSCov scores were used,
instead of PSCorr scores, since these measures were strongly
and highly significantly correlated (Figure 4). In a way, the
PSCov score would be somewhat more appropriate because it
measures pure covariation, without standardization, which,
although useful for statistical significant testing, it alters the
covariance estimate itself. It should be mentioned that covari-
ance has been usefully’®” (and profitably®®) employed in vari-
ous fields, including evolution and natural selection’®”® and
finance.30

General

A wealth of research has documented genetic and environmen-
tal influences on schizophrenia, including exposure to infec-
tions. Here we employed an epidemiological-immunogenetic
approach30:36-46 to explore the relations between schizophrenia
and HLA at the population level by computing the covariance
(and its standardized version of correlation) between schizo-
phrenia prevalence and HLA allele frequencies in 14 CWE
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Figure 14. SZ-HLA PSCorr scores are plotted against In(LPR) for HHV1 for 9-mer (A; left panel) and 10-mer (B; right panel) analyses. See text for

details.
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Figure 15. One-thousand &* values are plotted against the
corresponding averages of 9 HHV In(LPR) values. r=.638, P<.001. See
text for details.

countries. The choice of these countries was based mainly on
the availability of HLA allele frequencies and on their practi-
cally identical life expectancies. The computed SZ-HLA
PSCorr (and PSCov) scores were used to (a) estimate the
degree of protection (negative score) or susceptibility (positive
score) conferred by specific HLA alleles on the individuals of
the population, (b) evaluate in silico possible associations
between those scores and the binding affinities of the same
HLA alleles to proteins of 9 HHV strains, and (c) investigate
the possible dependence of the SZ P/S scores on HHV-HLA
binding affinities.. Our findings documented a preponderance
of protective effects of HLA on schizophrenia prevalence and
indicated that the SZ-HLA profile was highly associated with
the estimated HLA binding affinity for HHV1, such that
higher HLA-HHV1 binding affinity was associated with pro-
tective SZ-HLA scores. We then extended those analyses to
aggregates of SZ-HLA scores and corresponding HHV-HLA
binding affinities, since every individual carries 12 HLA alleles.
Indeed, we found that at this aggregate level, SZ protection

conferred by HLA was highly associated with better (more
effective) binding affinities to HHV. Taken together, these
findings suggest that HLA binding and subsequent elimina-
tion of HHV1 confer protection against schizophrenia in indi-
viduals and populations.

HILA and schizophrenia prevalence

With regard to the association of HLA and schizophrenia, we
found there were more negative associations between HLA
allele frequency and schizophrenia prevalence than there were
positive associations, reflecting an overall protective effect. The
relative protection conferred by HLA may partially account for
the low prevalence of schizophrenia. Significant protective
effects were documented here for Class I HLA, and the B
genes, in particular. Notably, the HLA-B gene has been previ-
ously linked to the intergenerational transmission of schizo-
phrenia risk.5! Here, 63.9% of the HLA-B genes were
protective against schizophrenia and, of the 127 alleles investi-
gated, the most highly significant protective effect was found
for HLA-B*27:02 (# =-0.956), an allele that has been strongly
linked to risk for ankylosing spondylitis in one of the strongest
HLA-disease associations known.®? Interestingly, this negative
SZ-HLA association corresponds to the similarly negative
associations between ankylosing spondylitis and schizophrenia
documented in epidemiological studies.®3 Although there was
a preponderance of protective (ie, negative) HLA-SZ associa-
tions, 39% of HLA-SZ associations were positive, suggesting
susceptibility toward SZ. HLA is most commonly associated
with immune-mediated/autoimmune conditions.33 In light of
substantial evidence indicating robust associations between the
risk of schizophrenia and several autoimmune disorders®%9the
present findings suggest HLA may mediate that association.
Furthermore, it has been suggested that some schizophrenia
endophenotypes are driven by an infectious/inflammatory and/
or autoimmune component 2029093 the present findings sug-
gest that HLA may influence immune-mediated schizophre-
nia endophenotypes.
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Implications for individuals

A major outcome of this study was the derivation of a unique,
continuously-varying measure, &, assessing the protection/sus-
ceptibility of an individual to schizophrenia, based on their
specific genetic HLA makeup. The allele-based SZ-HLA
PSCorr scores provided the building blocks of &, which is a
standardized score of the average 12 PSCorr scores of the
HLA alleles carried by an individual (equations (8) and (9)). A
reasonable interpretation of § would be as a measure of schizo-
typy,’**7 such that high values of & would correspond with
increased liability for schizophrenia, as supported by the find-
ing that the percent of very high (outlier) positive (susceptibil-
ity) values of £* in our simulation was 0.3%, a percent very close
to, and statistically not significantly different from, the preva-
lences of schizophrenia used in this study (Table 1). The same
considerations apply to the negative (protective) & values which
could be interpreted as schizophrenia-resilience®® scores. Since
& is a normalized score with a range [-1, +1], it can be used as
a threshold for detecting individuals resilient or susceptible to
schizophrenia. Specifically, a value of & < - 0.25 (the value of
negative inner fence, equation (3)) would indicate schizophre-
nia resilience, whereas a value of &> 0.16 (the value of positive
inner fence, equation (5)) would indicate schizophrenia suscep-
tibility, with continuous gradation in both domains.

S§Z-HLA PSCorr scores and in silico HHV binding

affinity

Several prior studies have documented the influence of
HHV1 on schizophrenia. For instance, HHV1 antibodies are
elevated in patients with schizophrenia compared to healthy
controls®®%8 (cf, ref??), and HHV1 exposure is associated with
brain morphological anomalies’¢6119 and cognitive impair-
ments®801,64100-102 in patients with schizophrenia. Here, we
did not evaluate the association between HHV and schizo-
phrenia but rather the influence of HLA on both by examin-
ing the dependence of SZ-HLA immunogenetic scores on
HHV-specific HLA-binding affinities. Those analyses
revealed a significant association between the HLA-
schizophrenia profile and binding affinity only for HHV1,
bolstering evidence regarding the influence of HHV1 on
schizophrenia. As reviewed elsewhere,*? associations between
other HHV including CMV, HHV2, and EBV with schizo-
phrenia have been mixed. Here, at the allele level, SZ P/S
scores were found to be associated with HHV1-HLA affinity.
However, at the allele aggregate level, where groups of 12
alleles were considered (as carried by every individual), the
association between SZ-HLA P/S scores and HHV-HLA
binding affinities was much stronger, indicating the involve-
ment of several HHV strains acting in concert. In fact, this
finding is in accord with the central hypothesis of this study,
namely that SZ risk/protection is the outcome of a combined

effect of groups of HLA alleles and not the exclusive effect of
a specific allele.

Considering the above findings as a whole, the present study
suggests that the association between HHV and schizophrenia
may be partially attributable to HLA composition. The forma-
tion of an antigen-HLA molecule complex is a vital step in
antigen elimination and host protection against foreign anti-
gens. Given the extremely polymorphic nature of HLA, there
is large variability in the binding affinity to a given antigen
across HLA alleles. In the case of poor binding affinity between
certain HLA molecules and antigen epitopes, the elimination
of those antigens is blocked resulting in antigen persistence
which may result in inflammation, autoimmunity, and dis-
ease.® Indeed, we have previously discussed antigen persis-
tence due to HLA incongruence in relation to several
conditions.05-68:103-106 WWe documented here that the HLA-
schizophrenia profile that is primarily characterized by protec-
tive effects is significantly associated with HHV binding,
suggesting that HLA binding and elimination of HHV protect
against schizophrenia. The converse implication, which follows
from the perspective of the persistent antigen theory, is that in
the absence of HLA alleles capable of binding HHV antigens
with sufficient affinity and immunogenicity, such antigens may
persist, 107 ultimately contributing to damaging effects includ-
ing those associated with schizophrenia. That is, the effect of
HHV1 exposure may be partially mitigated by HLA with high
binding affinity. Furthermore, the combined influence of HLA
composition and HHV1 exposure may partly account for the
low prevalence of schizophrenia despite high HHV1 seroprev-
alence in Europe.108

The current findings and approach may also have implica-
tions that extend beyond schizophrenia given the high degree
of genetic overlap that exists between risk for schizophrenia
and other psychiatric disorders.19-111 For instance, previous
studies have documented substantial genetic overlap between
schizophrenia and bipolar disorder.!11! Furthermore, like
schizophrenia, both infections (eg, HHV'1?) and HLA!"3 have
been implicated in bipolar disorder risk, and, like schizophre-
nia, anti-inflammatory agents have shown promising treat-
ment effects for bipolar disorder.'* The extent to which the
immunogenetic profile for bipolar disorder and other psychiat-
ric conditions overlaps with that of schizophrenia remains to
be investigated and is an interesting avenue for future studies.

The ‘crowdfunding” nature of HILA contribution to
schizophrenia (and other diseases)

In evaluating HLA contributions to schizophrenia, it is impor-
tant to consider the following: (1) the HLA region is the most
polymorphic of the entire human genome, (2) every individual
possesses 12 HLA alleles, and (3) each HLA allele may differ
in terms of the direction of association with schizophrenia (and
other diseases) and the magnitude of those associations.



18

Neuroscience Insights

Consequently, rather than focusing on the individual “unique”
contribution of specific alleles on schizophrenia susceptibility
and protection, the primary emphasis here is on relatively small
contributions of individual alleles that when combined as a set
contribute to overall protection/susceptibility of schizophrenia
in a population and for individuals. This “crowdfunding” nature
of HLA contributions to schizophrenia moves away from sin-
gle gene-disease associations toward considering polygenetic
contributions to disease.

Conclusions

Overall the findings of the present study imply that schizo-
phrenia prevalence is partially attributable to the combined
effects of HLA composition and HHV1 exposure in
Continental Western Europe. A significant strength of this
study relative to GWAS studies that rely on imputation is that
the approach used here permits evaluation of the frequency of
high-resolution Class I and Class II HLA alleles with schizo-
phrenia prevalence and estimated HHV binding affinity in
silico. High-resolution HLA genotyping allows for the evalua-
tion of HLA-disease associations at the protein-level where
small variations may result in discordant disease associations
such as that seen here for HLA-C*07:01 which was negatively
correlated with schizophrenia prevalence and C*07:02 which
was positively correlated with schizophrenia prevalence. In
addition, the immunogenetic epidemiological approach used
here takes advantage of HLA heterogeneity to evaluate the
association of a large number of HLA alleles with schizophre-
nia at the population level, providing a broad picture of the
influence of HLA on the population prevalence of schizophre-
nia. Given that schizophrenia is polygenic, our approach of
combining signed, weighted contributions of HLA alleles to
derive a unique, continuously-varying, normalized measure
could easily be extended to include contributions of others
genes for a more comprehensive estimate. At the minimum,
determination of the complete, high-resolution HLA makeup
of individuals in a population would be needed, in addition to
population frequencies of other schizophrenia-related genes,
and also mutations identified in GWAS studies.

Limitations of the study

Despite these strengths, it is also prudent to consider the pre-
sent findings within the context of the study’s limitations.
First of all, these findings hold for the European countries
studied, and their extension to other countries remains to be
determined, given the geographic heterogeneity of schizo-
phrenia prevalence,? HLA allele frequency,3%3! and pathogen
exposure.'’® Also, our study was limited to 127 HLA alleles,
the only alleles that occurred in 9 or more of the countries
investigated at the time the data was obtained; still, other
alleles that were not included here may be relevant to schizo-
phrenia and HHYV, especially in countries of other geographi-

cal locations. An additional consideration is that this study

was limited to HHV although several bacterial and other viral
infectious agents have been implicated in schizophrenia.*”
Future studies evaluating the HLA-schizophrenia profile in
relation to the binding affinity of HLA to other infectious
agents may reveal additional HLA-mediated infectious con-
tributors to schizophrenia.
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ing affinities to HHV, suggesting that HLA binding and sub-
sequent elimination of HHV may confer protection against
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Appendix
Amino acid sequences of the 9 HHYV strains (Table 4). Strain labels are from Uniprot (https://www.uniprot.org/uniprotkb/)

HHV1: Q69091 - GD_HHV11 Envelope glycoprotein D 394 AA

MGGAAARLGAVILFVVIVGLHGVRSKYALVDASLKMADPNRFRGKDLPVLDQLTDPPGVRRVYHIQAGLPDPFQPPSLPITVYYAVLERACRSVLLNAPSEAPQIVRGASEDVRKQPYNLTIA
WFRMGGNCAIPITVMEYTECSYNKSLGACPIRTQPRWNYYDSFSAVSEDNLGFLMHAPAFETAGTYLRLVKINDWTEITQFILEHRAKGSCKYALPLRIPPSACLSPQAYQQGVTVDSIGMLP
RFIPENQRTVAVYSLKIAGWHGPKAPYTSTLLPPELSETPNATQPELAPEDPEDSALLEDPVGTVAPQIPPNWHIPSIQDAATPYHPPATPNNMGLIAGAVGGSLLAALVICGIVYWMRRHTQ
KAPKRIRLPHIREDDQPSSHQPLFEY

HHV2: P03172 - GD_HHV23 Envelope glycoprotein D 393 AA

MGRLTSGVGTAALLVVAVGLRVVCAKYALADPSLKMADPNRFRGKNLPVLDRLTDPPGVKRVYHIQPSLEDPFQPPSIPITVYYAVLERACRSVLLHAPSEAPQIVRGASDEARKHTYNLTIA
WYRMGDNCAIPITVMEYTECPYNKSLGVCPIRTQPRWSYYDSFSAVSEDNLGFLMHAPAFETAGTYLRLVKINDWTEITQFILEHRARASCKYALPLRIPPAACLTSKAYQQGVTVDSIGMLP
RFIPENQRTVALYSLKIAGWHGPKPPYTSTLLPPELSDTTNATQPELVPEDPEDSALLEDPAGTVSSQIPPNWHIPSIQDVAPHHAPAAPSNPGLIIGALAGSTLAVLVIGGIAFWVRRRAQM
APKRLRLPHIRDDDAPPSHQPLFEY

HHV3: Q9J3M8 - GE_VZVO Envelope glycoprotein E 623 AA

MGTVNKPVVGVLMGFGIITGTLRITNPVRASVLRYDDFHIDEDKLDTNSVYEPYYHSDHAESSWVNRGESSRKAYDHNSPYIWPRNDYDGFLENAHEHHGVYNQGRGIDSGERLMQPTQMSAQ
EDLGDDTGIHVIPTLNGDDRHKIVNVDQRQYGDVFKGDLNPKPQGQRLIEVSVEENHPFTLRAPIQRIYGVRYTETWSFLPSLTCTGDAAPAIQHICLKHTTCFQDVVVDVDCAENTKEDQLA
EISYRFQGKKEADQPWIVVNTSTLFDELELDPPEIEPGVLKVLRTEKQYLGVYIWNMRGSDGTSTYATFLVTWKGDEKTRNPTPAVTPQPRGAEFHMWNYHSHVEFSVGDTFSLAMHLQYKIHE
APFDLLLEWLYVPIDPTCQPMRLYSTCLYHPNAPQCLSHMNSGCTFTSPHLAQRVASTVYQNCEHADNYTAYCLGISHMEPSFGLILHDGGTTLKEVDTPESLSGLYVFVVYFNGHVEAVAYT
VVSTVDHFVNAIEERGFPPTAGQPPATTKPKEITPVNPGTSPLLRYAAWTGGLAAVVLLCLVIFLICTAKRMRVKAYRVDKSPYNQSMYYAGLPVDDFEDSESTDTEEEFGNAIGGSHGGSSY
TVYIDKTR

HHV4: P03188 - GB_EBVB9 Envelope glycoprotein B 857 AA

MTRRRVLSVVVLLAALACRLGAQTPEQPAPPATTVQPTATRQQOTSFPFRVCELSSHGDLFREFSSDIQCPSFGTRENHTEGLLMVEFKDNIIPYSFKVRSYTKIVINILIYNGWYADSVTNRHEE
KFSVDSYETDQMDTIYQCYNAVKMTKDGLTRVYVDRDGVNITVNLKPTGGLANGVRRYASQTELYDAPGWLIWTYRTRTTVNCLITDMMAKSNSPFDFFVTTTGQTVEMSPFYDGKNKETFHE
RADSFHVRTNYKIVDYDNRGTNPQGERRAFLDKGTYTLSWKLENRTAYCPLOQHWQTFDSTIATETGKSIHFVTDEGTSSFVTINTTVGIELPDAFKCIEEQVNKTMHEKYEAVODRYTKGQEAT
TYFITSGGLLLAWLPLTPRSLATVKNLTELTTPTSSPPSSPSPPAPSAARGSTPAAVLRRRRRDAGNATTPVPPTAPGKSLGTLNNPATVQIQFAYDSLRRQINRMLGDLARAWCLEQKRQNM
VLRELTKINPTTVMSSIYGKAVAAKRLGDVISVSQCVPVNQATVTLRKSMRVPGSETMCYSRPLVSEFSFINDTKTYEGQLGTDNEIFLTKKMTEVCQATSQYYFQSGNETHVYNDYHHFKTIE
LDGIATLQTFISLNTSLIENIDFASLELYSRDEQRASNVFDLEGIFREYNFQAQNIAGLRKDLDNAVSNGRNQFVDGLGELMDSLGSVGQSITNLVSTVGGLEFSSLVSGFISFFKNPFGGMLI
LVLVAGVVILVISLTRRTROMSQQPVOMLYPGIDELAQQHASGEGPGINPISKTELQAIMLALHEQNQEQKRAAQRAAGPSVASRALQAARDRFPGLRRRRYHDPETAAALLGEAETEF

HHV5: P06473 - GB_HCMVA Envelope glycoprotein B gB 906 AA

MESRIWCLVVCVNLCIVCLGAAVSSSSTSHATSSTHNGSHTSRTTSAQTRSVYSQHVTSSEAVSHRANETIYNTTLKYGDVVGVNTTKYPYRVCSMAQGTDLIRFERNIICTSMKPINEDLDE
GIMVVYKRNIVAHTFKVRVYQKVLTFRRSYAYIYTTYLLGSNTEYVAPPMWEIHHINKFAQCYSSYSRVIGGTVFVAYHRDSYENKTMQLIPDDYSNTHSTRYVTVKDQWHSRGSTWLYRETC
NLNCMLTITTARSKYPYHFFATSTGDVVYISPFYNGTNRNASYFGENADKFFIFPNYTIVSDFGRPNAAPETHRLVAFLERADSVISWDIQDEKNVTCQLTFWEASERTIRSEAEDSYHFSSA
KMTATFLSKKQEVNMSDSALDCVRDEAINKLQQIFNTSYNQTYEKYGNVSVFETSGGLVVEWQGIKQKSLVELERLANRSSLNITHRTRRSTSDNNTTHLSSMESVHNLVYAQLQFTYDTLRG
YINRALAQIAEAWCVDQRRTLEVFKELSKINPSAILSAIYNKPIAARFMGDVLGLASCVTINQTSVKVLRDMNVKESPGRCYSRPVVIFNFANSSYVQYGQLGEDNEILLGNHRTEECQLPSL
KIFIAGNSAYEYVDYLFKRMIDLSSISTVDSMIALDIDPLENTDFRVLELYSQKELRSSNVFDLEEIMREFNSYKQRVKYVEDKVVDPLPPYLKGLDDLMSGLGAAGKAVGVAIGAVGGAVAS
VVEGVATFLKNPFGAFTIILVAIAVVIITYLIYTRQRRLCTQPLONLFPYLVSADGTTVTSGSTKDTSLOQAPPSYEESVYNSGRKGPGPPSSDASTAAPPYTNEQAYQMLLALARLDAEQRAQ
ONGTDSLDGQTGTQDKGQKPNLLDRLRHRKNGYRHLKDSDEEENV

HHV6A: PODOEO - GQ2_HHV6U Envelope glycoprotein Q2 214 AA

MHFLVVYILIHFHAYRGMAALPLFSTLPKITSCCDSYVVINSSTSVSSLISTCLDGEILFQNEGQKFCRPLTDNRTIVYTMQODQVQKPLSVTWMDENLVISDYGRDVINNLTKSAMLARKNGP
RYLOMENGPRYLOQMETRISDLFRHECYQDNYYVLDKKLOMFYPTTHSNELLFYPSEATLPSPWQEPPFSSPWPEPTFPSRWYWLLLNYTNY

HHVEB: Q9QJ11 - GQ1_HHV6Z Envelope glycoprotein Q1 516 AA

MRPPRRSAPILVCAISMATALSNATVHRDAGTVESTPPPDDEDNYTAKYYDDSIYFNIYDGTNPTPRRRTLPEIISKFSTSEMSRLGGLKAFVPVDYTPTTTLEDIEDLLNYAICDDNSCGCL
IETEARXMFGDIIICVPLSAESRGVRNLKSRIMPMGLSQILSSGLGLHFSLLYGAFGSNYNSLAYMERLKPLTAMTAIAFCPMTSKLELRONYRLEKARXNLIVNIELLKIQNHGGQTIKTLT
SFAIVRKDSDGQDWETCTRFASVSIEDILRSKPAANGTCCPPRDVHHDRPTLOSSNSWTRTEYFEPWQDVVDAYVPINDNHCPNDSYVVEQTLOQGHEWCSRLNKNDTKNYLSSVLAFKNALYE
TEELMETIGMRLASQILSLVGQRGTSIRNIDPAIVSALWHSLPEKLTTTNIKYDIASPTHMSPALXTIFIQTGTSKQRFRNAGLLMVNNIFTVQARYSKONMFEKKIYGYEHLGQALCEGGHV
FYNPRDVYFQONIKMAATEPTVVRT
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HHV7: P52353 - GH_HHV7J Envelope glycoprotein H 690 AA

MYFYINSLLLIVSINGWKHWNILNSSICVNEKTNQTIIQPGLITFNFHDYNETRVYQIPKCLFGYTEFVSNLFDSVNFDESFDQYKHRITRFFNPSTEKAVKIYAQKFQTNIKPVSHTKTITVS
FLPLFYEKDVYFANVSEIRKLYYNQYICTLSNGLTDYLFPITERCVMRHYNYLNTVFMLALTPSFFIISVETGMDDVVFIFGNVSRIFFKAPFRKSSFIYRQTVSDDLLLITKKTTIEREFYPE
LKIDFLDDIWKQNYDISFLIAKFNKLATVYIMEGFCGKPVNKDTFHLMFLEFGLTHFLYSTRGDGLLPLLEILNTHQSIITMGRFLEKCFKMTKSHLLYPEMEKLONFQLVDYSYITSDLTIPI
SAKLAFLSLADGRIVTVPONKWKEIENNIETLYEKHKLFTNLTQPERANLFLLSEIGNSLVFQEKIKRKIHVLLASLCNPLEMYFWTHMLDNVMDIETMFSPCATATRKDLTQRVVNNILSYK
NLDAYTNKVMNTLSVYRKKRLDMFKSISCVSNEQAAFLTLPNITYTISSKYILAGTSEFSVTSTVISTTIIITVVPLNSTCTPTNYKYSVKNIKPIYNISSHDCVFCESLVVEYDDIDGIIQFV
YIMDDKQLLKLIDPDTNFIDVNPRTHYLLFLRNGSVFEITALDLKSSQVSIMLVLLYLIIIIIVLFGIYHVFRLFEF

HHV8: F5SHAK9 - GH_HHV8P Envelope glycoprotein H 730 AA

MOGLAFLAALACWRCISLTCGATGALPTTATTITRSATQLINGRTNLSIELEFNGTSFFLNWONLLNVITEPALTELWTSAEVAEDLRVTLKKRQSLFFPNKTVVISGDGHRYTCEVPTSSQT
YNITKGENYSALPGHLGGFGINARLVLGDIFASKWSLEFARDTPEYRVEYPMNVMAVKFSISIGNNESGVALYGVVSEDEFVVVTLHNRSKEANETASHLLFGLPDSLPSLKGHATYDELTFARN
AKYALVAILPKDSYQTLLTENYTRIFLNMTESTPLEFTRTIQTRIVSIEARRACAAQEAAPDIFLVLFOMLVAHFLVARGIAEHRFVEVDCVCRQYAELYFLRRISRLCMPTFTTVGYNHTTL
GAVAATQIARVSATKLASLPRSSQETVLAMVQLGARDGAVPSSILEGIAMVVEHMYTAYTYVYTLGDTERKLMLDIHTVLTDSCPPKDSGVSEKLLRTYLMFTSMCTNIELGEMIAREFSKPDS
LNIYRAFSPCFLGLRYDLHPAKLRAEAPQSSALTRTAVARGTSGFAELLHALHLDSLNLIPAINCSKITADKIIATVPLPHVTYIISSEALSNAVVYEVSEIFLKSAMFISAIKPDCSGENFS
QIDRHIPIVYNISTPRRGCPLCDSVIMSYDESDGLOSLMYVTNERVQTNLFLDKSPFFDNNNLHIHYLWLRDNGTVVEIRGMYRRRAASALFLILSFIGFSGVIYFLYRLFSILY



